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L. Blinov, S. Palto, N. Petukhova, and S. Yudin
Institute of Crystallography of the Russian Academy of Sciences, 117 333 Moscow, Russia
~Received 13 September 1995; accepted for publication 31 October 1995!
We have established ferroelectric switching and observed a novel conductance switching
phenomenon in ferroelectric polymer films fabricated by the Langmuir–Blodgett technique. The
films consist of 10–30 monolayers ~ML! of a copolymer of vinylidene fluoride ~70%! and
trifluoroethylene ~30%!, exhibiting a first-order ferroelectric phase transition at 70 °C and nearly
rectangular ferroelectric and conductance hysteresis at 24 °C. Ferroelectric switching is
accompanied by switching of the conductance by three orders of magnitude. Amodel describing this
switching phenomenon is proposed. © 1995 American Institute of Physics.
Ferroelectric materials have fascinated scientists since
their discovery in 1920.1,2 In analogy with ferromagnets,
characteristic properties of ferroelectrics include a spontane-
ous electrical polarization, polarization reversal ~switching!,
and disappearance of the polarization above a ferroelectric
phase transition, or ‘‘Curie,’’ temperature Tc . Ferroelectric
polymers such as poly~vinylidene fluoride! and its copoly-
mers, a special class of ferroelectric materials, have been the
subject of intense study for over 25 years, yielding a wealth
of physical data,3 and practical applications.4 The structure
of a random copolymer of vinylidene fluoride and trifluoro-
ethylene, P~VDF-TrFE!,5,6 is shown in the inset of Fig. 1.
The molecular units in the polymer chain have net dipole
moments which point from the electronegative fluorine to the
electropositive hydrogen. These chains crystallize in parallel
rows with a rhombohedral ~mm2! point group symmetry and
aligned dipoles in the ferroelectric state.7 Switching is ac-
complished by applying a large electric field to reverse the
direction of polarization of all the chains.
One of the promising aspects of polymer ferroelectric
materials is the possibility of preparing very thin films, for
investigation of ferroelectric phenomena in low-dimension
systems. The films have potential application in optical, elec-
tronic and sensor technologies. While films with thickness
down to 600 Å have been prepared by a spin coating
technique,8 this technique is not suitable controlling the
nanoscale structure. High quality thin films of ferroelectric
P~VDF-TrFE! were recently fabricated by our group9 using
the Langmuir–Blodgett ~LB! monolayer transfer technique,
permitting precise control of the films nanostructure.10,11 Fig-
ure 1 shows the behavior of the capacitance during thermal
cycling of a 30 ML LB film of P~VDF-TrFE! 70:30% pre-
pared as described previously.9 We assume that the LB tech-
nique deposits the films at a rate of 2 ML per unit cell, the
closest value consistent with the P~VDF-TrFE! coverage on
the water surface before transfer,9 leading to a calculated film
thickness of 7.4 nm ~15 unit cells! for the 30-layer film. The
film shows pronounced thermal hysteresis, a clear indication
of the first-order ferroelectric phase transition. The ferroelec-
tric Curie temperature of 70 °C is suppressed by 5 °C in the
thin LB film compared to a much thicker film formed by
solvent spinning.
Figure 2 shows the ferroelectric polarization switching,
as probed by the pyroelectric response,12 in another 30-layer
LB film. ~We have used a pyroelectric probe of the sponta-
neous polarization instead of more direct methods, such as
the Sawyer–Tower13 and the Merz methods,14 because of the
large dc conductance.! The pyroelectric current was mea-
sured at zero bias voltage using a lock-in amplifier ~with 30
ms time constant! as the sample was periodically heated by
an 80-mW laser beam ~514.5 nm wavelength! chopped at
2000 Hz. The hysteresis loops were formed beginning with a
bias voltage of 130 V ~applied to the top electrode!, decreas-
a!Permanent address, Institute of Crystallography of the Russian Academy of
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FIG. 1. Thermal hysteresis in the capacitance ~in the dielectric constant! of
the VDF~70%!-TrFE~30%! ferroelectric copolymer. The 30 ML LB film
~solid circles! has a lower ferroelectric Curie temperature than a 15-mm
thick film made by solvent spinning ~open squares!. Inset: A fragment of the
~VDF-TrFE! copolymer chain. 30% of the VDF ~–CH2–CF2–! units have
been replaced at random by TrFE~–CHF–CF2–! units. The arrows show the
direction of the net dipole moments.
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ing in 3 V steps to 230 V, and back to 130 V. Each voltage
level was maintained for 10 min after which the dc electrical
conductance and transient pyroelectric current were recorded
at zero voltage. The coercive field of 1.960.23109 V/m is
forty times larger than the coercive field of the typical thick
film made by solvent spinning.8 The generally rectangular
shape of the polarization hysteresis implies that the LB films
have a high degree of crystallinity.15 Figure 2 also shows a
remarkable and unprecedented switching of the conductance,
from very low conductance in the OFF state, obtained with
negative polarization, to the 1000-times larger conductance
in the ON state, obtained with positive polarization. The con-
ductance switching has a slightly lower coercive field of
1.260.23109 V/m than the polarization switching. The hys-
teresis loops have been repeated over many cycles and sev-
eral samples with various combinations of aluminum, indium
tin oxide, and gold electrodes. The coincidence of the polar-
ization and conductance hysteresis curves shown in Fig. 2
implies that the polarization controls the conductance mecha-
nism.
The kinetics of switching offer further evidence for the
connection between polarization and conductance as shown
in Fig. 3. The conductance and pyroelectric currents were
monitored while a 625 V switching voltage was applied to
reverse a previously polarized state. The pyroelectric current
was measured with the bias voltage on, resulting in an added
contribution from the temperature derivative of the dielectric
constant. ~There is also an initial transient signal in both the
pyroelectric current and the conductance current caused by
circuit reactance.! The polarization switches to the ON state
slowly @Fig. 3~a!# with a characteristic relaxation time of 3 s
but the conductance switches OFF after a delay of 6 s, when
the polarization has reached ;80% of its final value. In con-
trast, after application of a negative bias voltage the conduc-
tance switches OFF without apparent delay @Fig. 3~b!#, but
the polarization again switches slowly with a characteristic
relaxation time of 2 s. Measurements with greater time reso-
lution have determined that the duration of the conductance
switching transition is less than 2 ms, further indicating that
conductance switching occurs upon reversal of a single
monolayer which can occur in less than a nanosecond.16,17
Switching measurements at other voltages show that the po-
larization relaxation time strongly depends on the magnitude
of the external electric field, but does not depend on its sign,
as observed in films made by solvent spinning.18 The
switching-ON transition of the conductance occurs only after
the polarization has reached ;80% of its saturated value
while the switching-OFF transition occurs without signifi-
cant delay.
The phenomenon of conductance switching has these
important features: ~1! It is connected with the bulk polariza-
tion switching; ~2! there is a large ~1000:1! contrast between
the ON and OFF states; ~3! the ON state is obtained only
when the bulk polarization is switched in the positive direc-
tion; ~4! the conductance switching is much faster than the
bulk polarization switching. These main features are acco-
modated by the following model. Consider the arrangement
~upper inset of Fig. 2! of a stack of fully polarized polymer
chains extending from the substrate to the top electrode so
that current can flow unimpeded from chain to chain as long
as the dipoles are fully aligned. This is the ON state; current
can flow through the film, perhaps controlled by tunneling,
from the substrate to the top electrode. When the polarization
is reversed, the majority of the layers reverse direction with
the exception of one or a few layers that we assume are
pinned to the upper electrode ~and/or to the substrate! so that
they cannot reverse direction ~lower inset of Fig. 2!. This is
FIG. 2. Hysteresis in the pyroelectric current ~open squares! and in the
conductance ~solid circles! of a 30 ML ferroelectric Langmuir–Blodgett film
of the VDF~70%!–TrFE~30%! copolymer. Inset: Orientation of the polymer
chains in the ON state of the fully ordered ferroelectric LB film ~upper! and
in the OFF state of the partially ordered LB film ~lower!.
FIG. 3. The kinetics of polarization and conductance switching in a 30-layer
Langmuir–Blodgett film of the ferroelectric VDF~70%!-TrFE~30%! copoly-
mer. ~a! Switching ON. The sample is was first polarized in the OFF state
with a 225 V bias voltage for 15 min. The negative bias voltage was
removed and a positive 125 V bias voltage applied at time50 s. ~b! Switch-
ing OFF. The sample is was first polarized in the ON state with a 125 V
bias voltage for 15 min. The positive bias voltage was removed and a nega-
tive 225 V bias voltage applied at time50 s.
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the OFF state; there is a barrier to charge transfer where the
opposing dipoles meet at the domain boundary indicated by
the dashed line. The conductance switches ON only after the
6-s delay, after the bulk polarization switching is nearly com-
plete, when the last layer switches into alignment with the
others, while the conductance switches OFF without a no-
ticeable delay after the application of reverse bias as even
one layer reverses and creates a barrier to charge transfer.
The slow ~;2 s time constant! polarization switching shown
in Fig. 3 is probably nucleation limited as has been observed
in high-quality bulk films with low nucleation site
densities.19 The duration of the conductance switching tran-
sition ~,2 ms! may be limited only by the much faster
switching time of individual layers.
The present results provide many new insights into the
fundamental physics of ferroelectric polymers. In particular,
the conductance switching is completely new and has possi-
bly revealed the switching of a single layer. Additional meas-
reuments of the conductance as a function of film thickness,
voltage, and temperature will test the switching model and
the conductance mechanism and will also provide a wealth
of new information about ferroelectricity.
We emphasize that the nature of conductance switching
in ferroelectric Langmuir–Blodgett films is completely new,
and different from conductance switching which has been
observed in other thin-film systems, e.g., polymers with con-
jugated bonds20 or in amorphous semiconductors.21,22 The
conductance switching phenomenon may result in a new
kind of nonvolatile computer memories or data storage me-
dia with simple nondestructive readout. The films also have
potential application as optical or acoustical sensors.
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